Root zone soil moisture plays an important role in water storage in hydrological processes.
INTRODUCTION
The functions of soil moisture in a hydrologic model are rainfall partitioning and water storage. The storage effect of soil moisture on hydrological processes that can last several days or months is primarily reflected in the root zone (Fenicia et al. ) . Albergel et al. () showed that the θ root index derived from satellite surface soil moisture product, an empirical filter referred to as the soil water index, was used in model calibration. Chen et al. () used an ensemble Kalman filter assimilated into soil moisture observation to improve the simulation of θ root .
Although it is limited in sensing depth, the Soil Moisture Active Passive (SMAP) mission (Entekhabi et al. ) , launched in 2015, allows high-resolution estimates of θ root based on land surface data assimilation. These estimates can help hydrological models improve the simulation of related processes through multi-objective calibration.
In this study, the SMAP root zone soil moisture product and the observed streamflow are used to calibrate the distributed hydrological model MIKE SHE. Our objectives are to: (i) evaluate the performance of MIKE SHE using both θ root and streamflow for calibration; (ii) compare two metrics describing the spatial and temporal distribution features of θ root (the mean and hydrologic complexity μ); and (iii) ascertain the change sensitivity of relative parameters with different objectives in the calibration process. The remainder of the paper is organized as follows. The section below presents a description of the study area and the data set used. The MIKE SHE setup, the hydrologic complexity μ, and the calibration methods and relative parameter sensitivity method are described in the methodology section.
The results of calibration and parameter sensitivity analysis are detailed in the results and discussion section, with the final section presenting the conclusions from the study.
STUDY AREA AND DATA
The Beimiaoji watershed, illustrated in Figure 1 March 31, 2015. The spatial resolution is 9 km × 9 km, and the temporal resolution is 3 h. We used the arithmetic mean method to pre-process the remotely sensed images distributed in 3-h intervals throughout a given day into daily average data.
METHODOLOGY Model setup
In its original version, MIKE SHE is a deterministic, physically based, distributed model for the simulation of all of The model domain is defined using a dfs2 grid file, and the grid size is fixed at 600 m × 600 m (after Vázquez et al.
).
Inverse distance method is used to interpolate gridded data. The top 1 m of soil depth below the ground surface is simulated in MIKE SHE. The number of vertical discretization of the soil profile is specified as 10, and each soil layer is 10 cm in depth. The simulation period ranges from April 1, 2015, to October 31, 2017, or a total of 31 months, of which, the first seven months are the warm-up period and the remaining two years are the actual simulation period (estimation period). The time step is one day.
Hydrologic complexity
To characterize the complexity of the hydrological response of watersheds, the hydrologic complexity based on information entropy theory was introduced by Castillo et al.
(). This measure assumes that soil moisture plays a leading role in the hydrologic response and is not suitable for special basins such as karst geology. The hydrological complexity metric μ, a dimensionless index, is introduced in this study and is defined as follows:
(1)
where X is a set of x, x∈[0, 1], and X is relative soil moisture;
f(x) is a probability density function; g(x) is a uniform distribution function; ∀ e expresses volumetric soil moisture, and We use the hydrologic complexity μ to characterize the distributional features of θ root that evolve over time. The range of μ is from 0 to 1. In the simplest case, μ is equal to zero, suggesting that ∀ e is the same and that the function f(x) is a Dirac delta function. When ∀ e is uniformly distributed from 0 to ∀ e,max and f(x) is a uniform distribution function, μ is equal to 1 and is the most complex case.
Multi-variable calibration
We use the daily time series of the observed streamflow and θ SMAP to calibrate the distributed hydrologic model MIKE SHE. Nine parameters involving surface/vegetation, unsaturated zone, and saturated zone (Table 1) and observation, the KGE is used as the objective function of SCE-UA and can be expressed as follows:
with:
where r is correlation, α and β are, respectively, the bias and 
where n and w, respectively, represent the number and weight of objective variables, the index f denotes streamflow and the index s denotes θ root , and i and j, respectively, denote the streamflow gauge stations and calibrated subbasins with θ root . In this study, we set n f ¼ 1 because there is only one streamflow gauge station at Beimiaoji (outlet).
Three calibration approaches are compared: (C1) if only streamflow is used as the objective variable, then 
RESULTS AND DISCUSSION

Model calibration and temporal patterns
The nine calibrated parameter values for three cases are presented in Table 1 . Figures 2-4 compare the observation and three simulation approaches involving streamflow and θ root .
Due to the different metrics used to describe θ root , we Table 2 for the three calibration approaches (C1, C2, C3). Generally, the high fit values represent higher KGE and R 2 and lower MAE, and better simulation results can be achieved.
The calibration approach C1, without using any θ root information in the calibration process, has the best fitness for observed streamflow (Figure 2 ) with the highest KGE and R 2 and the lowest MAE (Table 2 ). Although they are affected negatively by multi-variable calibration, C2 and C3 also achieve acceptable streamflow results. When θ SMAP is used in calibration, the simulation of θ root is effectively improved (Figures 3 and 4) , i.e., C2, KGE and R 2 increase from 0.22 to 0.69 and 0.15 to 0.64, respectively, and MAE decreases from 0.1 to 0.02 compared with C1
for the simulation of θ root (Table 2) . θ root and streamflow are both important components in the model, and simultaneous calibration of them can bring more constraints to the related processes. Tradeoffs have to be made between θ root and streamflow in multi-variable calibration, since optimizing all objective variables is almost impossible (Pfannerstill et al. ) . Hence, it is reasonable to find that the simulation accuracy of streamflow is slightly reduced while the accuracy of θ root is improved.
In addition, we can estimate which metrics can effectively track the temporal feature of θ root . C2 and C3 are compared using the estimates of daily μ root and θ root . With θ root as one of the objective variables, C2 performs slightly better than C3 for daily θ root , but with μ root as one of the objective variables, the fitting values of C3 are far higher than those of C2 with KGE, R 2 , and MAE improved from 0.23 to 0.69, 0.45 to 0.61 and from 0.05 to 0.03, respectively.
It is evident that the use of μ can provide a more explicit and comprehensive temporal distribution of θ root than the mean in the model calibration. and C3, such as R d , θ r , θ s , LAI, become more sensitive relative to the unsaturated zone. These parameters have important effects on the simulation of unsaturated flow. Calculation of θ root occurs in the unsaturated zone and can be significantly affected by these parameters. Overall, the sensitivity of these related parameters is enhanced when θ SMAP is used in the calibration process. In addition, compared with C2, C3 makes these parameters more sensitive, such as the change in ranking of θ r from fifth to fourth and θ s from eighth to sixth. This increased sensitivity can explain, to a certain extent, why μ enhances the significance of parameters related to θ root to a greater extent than does the mean.
CONCLUSION
In this study, three calibration approaches are proposed based on streamflow and/or θ SMAP in the MIKE SHE model. These approaches are tested in the Beimiaoji watershed. To compare the simulation performance of θ root for these approaches, the metrics of temporal and spatial distribution are estimated. The main conclusions are as follows:
(1) Among three calibration approaches, the best streamflow simulation is achieved by relying only on streamflow in the model calibration. However, the θ root simulation is the worst.
(2) The simulation performance of θ root is evidently improved despite the negative effects for streamflow simulation but is acceptable if applying θ SMAP in the model calibration. For example, the fitting values KGE and R 2 , respectively, increase from 0.22 to 0.69 and 0.15 to 0.64, and MAE shows a decrease from 0.10 to 0.04 for the θ root simulation between C1 and C2.
(3) Although better performance is achieved in the estimate of daily θ root when the mean is a metric describing the features of θ root in the calibration, the metric μ has better performance for both the estimates of μ root and the CDF. The μ can also obtain an acceptable performance in the estimate of θ root and is far superior to the mean in the estimate of daily μ root . We conclude that the μ is more effective than the mean in enhancing the estimates for θ root .
(4) The ranking of relative parameter sensitivity is affected when θ SMAP is used in the model calibration. Thus, the objective variables are related to the variety of significance of the parameter sensitivities. In addition, the effects on the significance of parameters related to θ root -such as R d , θ r , θ s , and LAI -are prominent, especially with μ root as one of the objective variables.
